The human/microbiota cross-talk is partially mediated by bacteria-derived peptides like Serine-Threonine peptide (STp), which is resistant to gut proteolysis, is found in the human healthy colon and induces regulatory properties on gut dendritic cells (DCs); here we characterized human gut DC in ulcerative colitis (UC) patients and studied the effect of STp on their properties. Methods and results: Human colonic DC from healthy controls and UC patients were isolated, conditioned for 24 h +/− STp and characterized by flow cytometry, immunohistochemistry, and electron microscopy. Expression of immature DC markers DC-SIGN and ILT3, and Tolllike receptors were increased on gut UC-DC. Langerin (involved in phagocytosis), lymph node homing marker CCR7, and activation markers CD40/CD80/CD86 were decreased in UC. Gut DC had restricted stimulatory capacity for T-cells in UC. Conditioning of DC with STp in vitro reduced Toll-like receptor expression, increased CD40 and CD80 expression, and restored their stimulatory capacity. Conclusion: Colonic DCs display an abnormal immature phenotype in UC, which was partially restored following STp treatment. Bacteria-derived metabolites, like STp, seem to have a role in gut homeostasis that is missing in UC so they might lead a new era of probiotic products setting the basis for nondrug dietary therapy in inflammatory bowel disease.
Introduction
Ulcerative colitis (UC) results from inappropriate mucosal immune responses to constituents of the intestinal flora in genetically predisposed individuals [1] . Antigen-presenting cells such as dendritic cells (DCs) are likely to play a central role in the host response to intestinal flora, both in innate responses to bacteria and by shaping the properties of adaptive immune responses [2] . Indeed, DCs are key initiators of innate immune responses and the only cells capable of generating primary T-cell responses [3] .
Intestinal DCs are present within Peyer's patches and distributed throughout the lamina propria (LP), and maintain the delicate balance in the gut between immunogenicity against invading pathogens and tolerance of the commensal microbiota. Disruption of this balance can result in inflammatory bowel disease (IBD) [4, 5] . In health, homeostatic effects of commensal microenvironment are not, therefore, merely providing a "tolerogenic" milieu but contribute a balance between pro-inflammatory and anti-inflammatory responses. Responses of DC to microbial antigens are enabled partly through their rich supply of pattern recognition receptors such as Toll-like receptors (TLRs), which recognize structural elements on bacterial cell surfaces [6] . Intestinal immune tolerance is initiated by immature DCs that induce anergic T-cells [7] . Upon DC activation lymph node homing marker C-chemokine receptor 7 (CCR7) is upregulated on DC enabling migration to secondary lymphoid tissue in order to generate primary T-cell responses [8] . These T-cell responses generated can be immunogenic or tolerogenic [3, 9] , but properties of healthy gut DCs suggest that in the steady state, gut DCs have a homeostatic role, likely to be due to the high antigenic load including the gut microbiota and food antigens. Such DC properties include hyporesponsiveness to LPS stimulation [10] , high constitutive production of regulatory cytokine IL-10 and low production of inflammatory IL-12, low expression of costimulatory molecules and TLRs [11] , and a restricted capacity to stimulate T-cells [12] . Altered DC phenotype and function in UC suggests that they contribute to UC pathogenesis [5, 13, 14] .
The intestinal microbiota is altered in patients with active UC compared with that of healthy individuals [15, 16] . Manipulating gut flora using probiotics may correct and/or prevent dysregulated immune function in UC; the effects of probiotic bacteria on DC, which are so pivotal in early bacterial recognition and shaping T-cell responses are likely to be central in immunomodulation by these bacteria. The probiotic mixture VSL#3 was effective in the treatment of patients with mild to moderately active UC, with a response rate of 50-70% [17] and in animal models VSL#3 altered the phenotype and the distribution of DC in the gut mucosa in vivo [18] . Furthermore, oral administration of VSL#3 in UC patients had direct regulatory effects on human gut DC in vivo that were likely to contribute to therapeutic benefit [19] .
There is growing interest in the immunomodulatory effects of products produced by probiotic bacteria in the gut, as well as direct effects of bacteria themselves, partly due to recent clinical studies that have concluded caution needs to be taken when administering live bacteria in patients with acute inflammation [20] . Specific strains of probiotic bacteria can have inflammatory activities in vitro both in healthy and IBD human tissue, but metabolic products of the same bacterial strains can have regulatory effects and protect against inflammatory properties of pathogenic bacteria [21] . We recently identified a peptide (serine-threonine peptide, STp) secreted by Lactobacillus plantarum that is resistant to gut proteolysis and present in the colon of the majority of healthy individuals. STp induced regulatory effects on human gut DC in vitro with knock-on effects on the T-cells that they stimulated [22] . These data suggested that the molecular dialog between intestinal bacteria and DCs may be mediated by immunomodulatory peptides secreted by commensal bacteria. In this study, we aimed to investigate this further, in the context of UC. Most studies supporting a role for DC in IBD are based on animal models [23] but we have developed methods for assessing the phenotype and function of human DC, present in small numbers in the gut, from gut biopsies [13] .
Materials and methods

Tissues and cells
The study was approved by the Outer West London Regional Ethics Committee and Imperial College London (08/H0717/24). All patients provided written informed consent on entry to the study.
Colonic biopsies
Colonic biopsies were obtained at colonoscopy, following informed consent. Patient groups included UC patients in remission (six female, six male, mean age 48 years), patients with active UC (12 female, 10 male, mean age 52), and healthy controls (13 female, 11 male, mean age 44). Samples were used for different experiments as seen in the figures, so not all the samples were used in all the experiments. Healthy controls had macroscopically and histologically normal intestines, undergoing colonoscopy for rectal bleeding or family history of colorectal cancer. Diagnosis for patients with UC was made using clinical parameters, radiographic studies, endoscopic and histological criteria. Disease activity for UC was assessed using the UC disease activity index (UCDAI), all active patients had UCDAI > 4, and all patients in remission had UCDAI < 2. Patients were either not receiving therapy, or were on minimal treatment: 5-aminosalicylic acid and/or azathioprine. Biopsies were collected in ice-chilled complete medium.
Intestinal DCs
Total LP cells were obtained from biopsy tissue via collagenase digestion, following removal of mucus and epithelial layers via DTT/EDTA incubation, as previously described [11] . DCs were identified as HLA-DR
by flow cytometry and analyzed for surface phenotype. In some experiments, cells were obtained by a cell migration/"walkout" method during 20-h incubation of biopsies (37ЊC, 5% CO 2 , high humidity) in complete medium (RPMI 1640 (Dutch modification; Sigma-Aldrich, Dorset, UK) supplemented with 10% FCS, 100 mL −1 penicillin, 100 gmL −1 streptomycin and 20 mM L-glutamine after previous DTT/EDTA incubation of freshly obtained biopsies.
STp conditioning of intestinal DCs
Gut biopsies were incubated for 20 h for the walkout method following DTT/EDTA treatment, in complete medium with or without 1 g/mL STp, as previously described [22] . Briefly, the gene coding for STp, including the genetic information for a histidine tag, was cloned into pNZ9110 and introduced in Lactococcus lactis NZ9000. Gene expression was induced by nisin (40 ng/mL) and STp was purified from the growth supernatant using Ni-NTA agarose (Qiagen Iberia S.L, Madrid, Spain) and proper imidazole buffers for STp washing and elution. Presence of STp was confirmed by Western-blot using a polyclonal serum developed in rabbit. Fractions were extensively dialyzed against PBS and the purified STp identified by N-terminal degradation, preformed in a Procise 494 Protein Sequencer (Applied Biosystems, Foster City, CA) revealing over 99% purity as estimated by SDS-PAGE. STp was subsequently lyophilized and resuspended in complete medium before being added to the cells (negative control included addition of the same volume of complete medium-without STp-to the cells). STp had been cloned and obtained from a Gram-positive bacteria [22] , and therefore was LPS-free as also confirmed following the Limulus amebocyte lysate protocol following manufacturer's instructions (Kinetic-QCLTM assay, Lonza, Basel, Switzerland). Following culture of LP cells with and without STp, DCs were identified as HLA-DR + lineage cocktail − by flow cytometry or enriched by centrifugation (600 × g, 15 min at RT) over NycoPrep TM , and used for T-cell stimulation. These enriched DCs have been characterized as functional colonic DCs [13] .
Enrichment of T-cells
Peripheral blood mononuclear cells were suspended in MiniMACs buffer (PBS containing 0.5% BSA and 2 mM EDTA) and T-cells were enriched by depletion of CD14 + , CD19 + , and HLA-DR + with immunomagnetic beads (Miltenyi Biotech, Bisley, UK) following manufacturer's instructions (over 98% purity of CD3 + T-cells).
Proliferation assay
Carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen Ltd., UK) labeled T-cells (4 × 10 5 /well) were incubated for 5 days in U-bottomed 96 well microtitre plates with enriched intestinal allogeneic DCs at 3% in a mixed leukocyte reaction (MLR). Cells were recovered and CFSE lo proliferating cells identified and quantified by flow cytometry. T-cells were also cultured in the absence of DCs, which did not proliferate and constituted an internal negative control.
Antibody labeling
For immunohistochemistry monoclonal antibodies specific for the following markers were used: DC-LAMP/CD208 (104.G4), CD1a (O10), and langerin/CD207 (DCGM4) were from Beckman Coulter High Wycombe, UK. DC-SIGN/ CD209 (120507) was from R&D SYSTEMS, Oxford, UK. Avidin biotin reagents, biotinylated goat anti-mouse IgG were from Vector Laboratories, Peterborough, UK.
For flow cytometry, monoclonal antibodies with the following specificities and conjugations were used: CD86-FITC (24F), CD80-FITC (L307.4), CD3-PeCy5 (UCHT1), CCR7 (2H4)-PE, and HLA-DR-APC (G46-6) were purchased from BD Biosciences (Oxford); CD11c-FITC (KB90) was purchased from Dako (Ely, UK); CD40-FITC (LOB7/6), TLR2-FITC (TLR2.3), TLR4-FITC (HTA125), DC exclusion cocktail-PECy5 (CD3 (S4.1), CD14 (TUK4), CD16 (3G8), CD19 (SJ25-C1), CD34 (581) were purchased from AbD Serotec (Oxford); DC-SIGN/CD209-PE (120507) and ILT3-PE (293623) were purchased from R&D systems (Oxford); Langerin/CD207-PE (DCGM4) was purchased from Beckman Coulter (High Wycombe). Appropriate isotype-matched control antibodies were purchased from the same manufacturers. After the staining, cells were fixed with 1% paraformaldehyde in 0.85% saline and stored at 4ЊC prior to acquisition on the flow cytometer, within 48 h.
Flow cytometry and data analysis
Data were acquired on a FACSCantoII (BD Biosciences) and analyzed using WinList 5.0 software (Verity, ME). (D) Expression of the costimulatory molecules CD80 and CD86 on gut DC from inactive UC patients and healthy controls displayed as the mean ± SEM. The statistical significance of differences between groups was determined using unpaired t-test and p < 0.05 was regarded as significant (*p < 0.05).
Immunohistochemistry
The avidin-biotin complex technique was employed [24] . Briefly, slides of formalin fixed, paraffin-embedded tissue sections of endoscopic biopsies were deparaffinized and rehydrated and kept moist for the rest of the procedures. + DC per section (C) Langerin expression (determined as IR) was also determined by flow cytometry as explained in Fig. 1B and (D) data displayed as the mean ± SEM. The statistical significance of differences between groups was determined using unpaired t-test and p < 0.05 was regarded as significant (**p < 0.01).
cells per 10 microscopic fields. Only morphologically welldefined positively stained cells were considered for analysis. Intensity of DC-SIGN immunoreactivity was also quantified using an arbitrary 4-point scale ranging from 0-4 (0 = no staining and 4 = intense staining). All assessments of immunostaining were independently evaluated by two investigators who had no previous knowledge of the clinical data.
EM
Approximately 2 × 2 mm pieces of tissue were fixed in 0.1 mol/L sodium phosphate buffer, pH 7.4 containing 3% glutaraldehyde for 12 h at 4ЊC, washed in 0.1M ph 7.4 SPB and post fixed in 1% osmium tetroxide in 0.1% pH 7.4 SPB for 1 h. Samples were then washed and left in distilled water to remove the phosphate for overnight and were block stained in 2% uranyl acetate for 2-4 h. The samples were washed with dH 2 O and dehydrated using an acetone gradient and gradually infiltrated with araldite resin. Araldite was changed twice over 4-8 h, then samples were embedded in the araldite resin then cured for 18 h at 65ЊC. Ultrathin sections (100-nm-thick) were cut on a Reichert-Jung Ultracut E microtome and collected on a 200 mesh copper grid. After staining with Reynold's lead citrate, the grid was carbon coated and visualized using a JEOL 1200 EX electron microscope. DCs were identified as previously described [25] [26] [27] [28] and have been classified into three types by electron microscopy (EM): Type 1 DC; small cells with short veils relative to their size, small cytoplasm area, and heterochromatic nuclei with thick chromatin layer surrounding the nucleus and chromatic dense Fig. 1B. (B) The statistical significance of differences between groups was determined using unpaired t-test and p < 0.05 was regarded as significant (*p < 0.05, **p < 0.01, ***p < 0.001). Results are displayed as the mean ± SEM.
clusters within the nucleus. Type-2 DC; are bigger than type 1, with fewer projections, thin chromatin layer surrounding the nucleus, and disaggregated chromatin within the nucleus. Type 3 DC; have long veiled projections and euchromatic nuclei. Therefore, type 1 DC can be considered as immature DC, type 3 DC as mature, and type 2 as an intermediate state.
Statistical analysis
Two-tailed Fisher's exact test was applied to compare STp presence in the colon from UC and healthy control individuals. Two-way and one-way repeated measures ANOVA, and two-tailed paired tests were applied as stated in the figure legends. In the case of multiple comparisons, subsequent ad hoc Bonferroni correction was applied. p < 0.05 was considered significant.
Results
Changes in intestinal DCs in UC
Intestinal DCs were isolated and characterized from healthy controls, and UC patients in remission. Active UC patients were not studied, to assess characteristics constituting UC-specific changes, avoiding nonspecific effects of inflammatory processes on DCs characterization. For phenotype studies (characterization of DCs from UC patients and healthy controls as displayed in Figs. 1-5 ) the enzymatic digestion protocol was selected for the identification of DCs. For functional studies where DCs were cultured with/without STp (Figs. 6-8) , the walkout culture was used for the identification of DCs following conditioning. In all cases human intestinal DCs were identified as HLA-DR + /lineage cocktail − cells by flow cytometry (Fig. 1A) . The majority of these DCs were CD11c + (myeloid) cells (data not shown). In order to avoid any subjectivity in the interpretation of the results, the percentage and/or intensity ratio (IR) of surface expression on intestinal DCs for each given marker were determined by subtraction of isotype control staining from the corresponding test staining (Fig. 1B and C) . Figure 1D shows that LP colonic DCs from inactive UC patients displayed a decreased expression of costimulatory molecules CD80 and CD86 compared with that in healthy control DC.
Reduced expression of langerin on intestinal DCs in UC
Expression of langerin, a molecule involved in antigen capture/uptake (phagocytosis) was determined on intestinal DCs by immunohistochemical analysis of colonic biopsies from healthy controls and UC patients. Langerin + DCs were located throughout the LP in normal tissues, but tended to be clustered below the epithelium and in deeper regions of the LP in UC (Fig. 2A) . All langerin + cells were counted; there were significantly fewer langerin + DCs in UC compared with healthy controls (Fig. 2B) . Percentage expression of langerin per cell and IR were also determined by flow cytometry (Fig. 2C) and results confirmed the decreased in langerin expression on intestinal DCs from inactive UC patients (Fig. 2D). 
Colonic DCs are of immature status in UC patients
Expression of inhibitory receptor IL-T3 and innate pattern recognition receptor DC-SIGN (both characteristic of immature DCs) as well as the lymph node migration marker CCR7 were also analyzed by flow cytometry (Fig. 3A) . The proportion of IL-T3 + DCs was significantly increased while CCR7 expression was significantly decreased in inactive UC tissues compared with control tissues (Fig. 3B) . Levels of expression The statistical significance of differences between groups was determined using unpaired t-test and p < 0.05 was regarded as significant (**p < 0.01).
of DC-SIGN per cell, measured by the positive IR, were significantly increased in UC (Fig. 3B) . Further immunohistochemical analysis determined that DC-SIGN + DCs were scattered evenly throughout the LP in healthy controls, but in UC were mainly clustered in an area immediately below the epithelium close to the lumen (Fig. 4A) . Numbers of DC-SIGN + DCs were significantly increased in UC compared with healthy controls (Fig. 4B) in agreement with results from flow cytometry (Fig. 3B) . On the contrary, expression of DC-LAMP, a molecule upregulated upon DCs maturation, was minimal (Fig. 4A ) and distribution did not change between healthy controls and UC patients (Fig. 4B) .
Immature intestinal DC morphology
To further confirm the immature phenotype of intestinal DCs in inactive UC, the maturation status of DCs was also determined by EM, as previously described [25] [26] [27] [28] . While there was a mixture of DC at different stages of maturation in all sections examined, no major difference was found in intestinal DC morphology from healthy controls and inactive UC since the majority of DCs in both cases were small cells with short veils relative to their size, small cytoplasmic area, and heterochromatic nuclei with a thick chromatin layer surrounding the nucleus (including chromatic dense clusters) indicating that these cells are type 1 immature myeloid DC [25] [26] [27] [28] (Fig. 5) as previously suggested (Figs. 1-4 ).
Effects of STp on DCs in UC
In vitro experiments have previously confirmed that STp has the capacity to modulate phenotype and function of human DCs as well as inducing a regulatory effects on gut DCs in healthy controls [22] . Therefore, we determined the capacity of STp to modulate DC functions in UC patients. Intestinal DCs were isolated and characterized from healthy controls and patients with active UC (including both inflamed and noninflamed areas of the colon) to determine any potential immunomodulatory effects of STp specific to either UC or general inflammation.
STp restores expression of costimulatory molecules on DCs in UC
Similar to intestinal DC from UC patients in remission, a significantly lower proportion of DC from noninflamed areas of the UC colon expressed activation molecules and costimulatory molecules compared with that in healthy controls, including CD40 and CD80 (Fig. 6A ). Conditioning such intestinal DC from UC patients with STp restored their expression of costimulatory molecules (Fig. 6B ).
STp reduces the aberrant expression of TLRs on DCs in UC
TLR2 and TLR4 expression was also studied on intestinal DC (Fig. 7A ) to confirm that both markers were aberrantly expressed on intestinal DC in UC compared with healthy controls where their expression was minimal (Fig. 7B) . TLR4 was enhanced on DC from both inflamed and noninflamed areas of the gut mucosa in UC, while TLR2 was only enhanced on DC from inflamed areas (Fig. 7B) . Our data support previous studies in which it has been proposed that enhanced expression of TLRs on intestinal DC in IBD may contribute to the dysregulated intestinal immune response to bacterial luminal components [11] . Conditioning intestinal DC from UC patients with STp significantly reduced their expression of both TLR2 and TLR4 and partially restored a normal phenotype (Fig. 7C) .
STp restores the stimulatory capacity of DCs for allogeneic T-cells in UC
Finally, we examined the capacity of STp to modulate DC ability to generate T-cell proliferative responses during a MLR. Following MLR, dividing T-cells were identified as CFSE lo and T-cell stimulatory capacity of DC was measured as the proportion of dividing T-cells (stimulated with 3% DC of total T-cell numbers in all cases; Fig. 8A ). DC from colonic areas in UC (in remission) exhibited a restricted stimulatory capacity for allogeneic T-cells, compared with their healthy control counterparts. However, conditioning these DC with STp restored the stimulatory capacity of DC in UC (Fig. 8B ).
Discussion
We have analyzed the phenotype and function of human gut DC to demonstrate for the first time, to our knowledge, that in UC DC exhibit an immature phenotype with reduced langerin and CCR7 expression, compared to healthy controls. The statistical significance of differences between groups was determined using paired t-test and p < 0.05 was regarded as significant (*p < 0.05, **p < 0.01, ***p < 0.001).
Moreover, gut DC in UC exhibited a dysregulated function in which they were less able to prime allogeneic T-cell responses compared to control DC. Our data support studies demonstrating immature or partial DC maturation occurs in IBD, and a reduced ability to stimulate primary T-cell proliferation [29, 30] . We have previously demonstrated that STp, a peptide secreted from probiotic strain L. plantarum, is present in the colon of healthy controls and has regulatory effects on gut DC in vitro [22] . Here, we show that STp can partially reverse the dysregulated phenotype and function of gut DC found in UC suggesting a role in gut homeostasis for STp that is missing in UC. Gut DCs have adapted to an environment in which they are continually exposed to a huge antigenic load including commensal microbiota and food antigens. Indeed, intestinal DCs are hyporesponsive to LPS stimulation [4] , thus preventing harmful immune responses to commensal flora and providing a potential mechanism of oral tolerance [31, 32] . However, gut DC also exhibit high phagocytic capacity due to continual uptake of antigens from the gut lumen [33] . This sampling of harmless antigens enables tolerogenic T-cell responses to be generated, avoiding inappropriate inflammation. It has been proposed that some autoimmune diseases are due to nonresponsiveness of DC toward antigen cross-reacting with self (auto) antigens, that is, a lack of generated T-cell tolerance. Indeed, DC residing within tissues with antigen cross-reacting with auto-antigens fail to mature [34] and failure of full DC maturation in type-1 diabetes leads to insufficient generation of regulatory T-cell responses [35] . Our data provide a novel mechanism for UC pathogenesis, in that loss of langerin expression on DC suggestive of loss of phagocytosis, and loss of activation, migration and maturation may lead to reduced ability of DC to generate potentially unresponsiveness in the adaptive immune responses in vivo, contributing to nonspecific inflammation.
UC primarily affects superficial layers of the gut mucosa, unlike Crohn's disease that penetrates the entire bowel wall. Signals controlling DC position within tissues are poorly understood, but likely to involve epithelial-derived chemotactic signals [36] . The redistribution of DC-SIGN + DC to subepithelial sites near the lumen in UC that we have demonstrated by immunohistochemistry is likely to impact on antigen sampling and modulation of DC by microbial products [37] . Indeed, DC-SIGN binds various microorganisms and initiates innate immunity by modulating TLRs [38, 39] . The altered distribution of immature DC in UC within the gut mucosa in general is likely to be indicative of local involvement of immature DC in disease activity.
The immature phenotype of DC observed in this study may account for the impairment of T-cell activation, resulting in unresponsiveness. It remains to be seen if this immune unresponsiveness by DC would lead to anergic T-cells. These results suggest that the molecular dialog between intestinal bacteria and DC may be mediated by immunomodulatory peptides secreted by commensal bacteria, rather than the bacteria themselves [40] , and implicate STp as a potential biomarker of gut homeostasis. It has been proposed recently that the host has no capacity to distinguish between harmful pathogens and commensal bacteria themselves, but that substrates produced by the commensal microbiota actively promote immune tolerance to symbiotic bacteria [41] . In agreement with that STp was found in the colonic microenvironment from 8/10 of the studied healthy controls [22] , while when studied in the colon from UC patients in the same conditions it was only found in 3/14 patients with active UC (controls versus UC, Fisher's test, p = 0.011; data not shown). Also, there was no difference regarding STp location in the 3 UC patients with detectable levels of STp since that was found on both inflamed (descending colon) and noninflamed areas (transversal/ascending colon) from the same patients. Taken together this suggests that STp is not found as frequently in the colon of UC patients as in that from the healthy controls suggesting a role in gut homeostasis for STp that is missing in UC. However, we do not know if the lack of STp precedes development of UC or on the contrary because of developing UC STp is missing from the colonic microenvironment from these patients.
In summary, our data indicate that as well as promoting immune tolerance [22] , STp may partially restore the regulatory phenotype and function of human gut DCs. TLR4 (LPS receptor) expression was increased in UC samples but we confirmed that STp was LPS-free as previously reported [22] , so STp effects on gut DCs are likely to be LPS independent. If such effects can be mirrored in vivo, potential implications are restoration of normal immune function in the gut in UC. Bacteria-derived metabolites, like STp, seem therefore to have a role in gut homeostasis that is missing in UC so they might lead a new era of probiotic products setting the basis for nondrug dietary therapy in IBD.
